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Abstract. The past decade witnessed the observation of several exotic charmonium-like resonances, some of which are mani-
festly non-qq¯ mesons. We review one of the most popular interpretations of such states: the compact tetraquark in the constituent
diquark-antidiquark picture. Moreover, we discuss some unexplored decay channels which are particularly sensitive to the different
phenomenological models and could therefore shed some light on the nature of these fascinating states. Some brief comments on
the recently observed pentaquarks are also included.
INTRODUCTION
The constituent quark model provides an incredibly successful phenomenological description of the observed meson
and baryon spectrum. However, such a model do not exclude a priori the existence of states with a number of valence
constituents higher than three. In particular, since the first discovery of the X(3872) at Belle [1], several collaborations
observed a large number of states that do not fit the usual meson/baryon picture – see [2] for a recent review. Moreover,
the observation of charged resonances decaying into charmonia [3, 4, 5] is a compelling proof for the presence of
particles with four valence quarks. In Table 1 we report a schematic summary of some of these states.
Despite the intense experimental effort, the “zoology” of these resonances is complicated and we still lack of a
comprehensive theoretical framework. In particular, the most popular phenomenological models proposed to explain
the internal structure of these particles are the compact tetraquark in the constituent diquark-antidiquark picture (or
just tetraquark from now on) [6, 7], the loosely bound meson molecule [8, 9, 10, 11, 12], the hadro-charmonium [13]
and the gluonic hybrid [14].
In the present work we will summarize the main concepts behind the tetraquark model and suggest a decay
channel that might help distinguish between the tetraquark and the meson molecule.
THE TETRAQUARK
Spectroscopy — In the compact tetraquark picture the four constituents are considered as tightly bound together in
a diquark-antidiquark configuration, [Qq1]3¯c [Q¯q¯2]3c , where Q and qi are respectively a heavy and a light quark and
3c (3¯c) is the (anti-)fundamental representation of the SU(3)c color group. The interaction between the constituents is
described by a color-spin Hamiltonian [6, 7]:
H =
∑
i
mi − 2
∑
i, j
κi j ~S i · ~S j
λai
2
λaj
2
, (1)
where mi are the masses of the constituents, κi j are unknown couplings, ~S i are spin vectors and λi are the Gell-Mann
matrices. The ground state tetraquarks are taken as eigenstates of the Hamiltonian (1). In particular, the possible
S -wave states obtained combining different diquark and antidiquark spins are
X0 = |0, 0¯〉0; X′0 = |1, 1¯〉0; (JPC = 0++), (2)
X1 = 1√2
(
|1, 0¯〉1 + |0, 1¯〉1
)
; (JPC = 1++), (3)
X2 = |1, 1¯〉2; (JPC = 2++), (4)
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TABLE 1. Summary of the properties of some of the exotic states discovered in the charm sector.
State Mass [MeV] Width [MeV] JPC Observed decay modes
X(3872) 3871.68 ± 0.17 < 1.2 1++ J/ψ pi+pi−, J/ψ pi+pi−pi0, J/ψ γ, ψ(2S ) γ, D D¯∗
Zc(3900)+ 3888.7 ± 3.4 35 ± 7 1+− (D D¯∗)+, J/ψ pi+
Zc(4020)+ 4023.9 ± 2.4 10 ± 6 1+− hc pi+, (D∗D¯∗)+
Y(4008) 3891 ± 42 255 ± 42 1−− J/ψ, pi+pi−
Y(4260) 4250 ± 9 108 ± 12 1−− J/ψ pi pi, J/ψ f0(980), Zc(3900)+pi−, X(3872) γ
Y(4360) 4353 ± 11 78 ± 16 1−− ψ(2S ) pi+pi−
Z(4430)+ 4478 ± 17 180 ± 31 1+− ψ(2S ) pi+, J/ψ pi+
Y(4630) 4634+9−11 92
+41
−32 1
−− Λ+c Λ¯−c
Y(4660) 4665 ± 10 53 ± 14 1−− ψ(2S ) pi+pi−
for the neutral ones and
Z = 1√
2
(
|1, 0¯〉1 − |0, 1¯〉1
)
; (JPG = 1++), (5)
Z′ = |1, 1¯〉1; (JPG = 1++), (6)
for the charged ones. We use the notation |s, s¯〉S where s and s¯ are the spins of the diquark and antidiquark respectively
and S is the total spin (also corresponding to the total angular momentum J in the S -wave case).
Since the couplings κi j are unknown, some kind of ansatz is required. In the very first attempt [6] – the so-
called type-I tetraquark – they were assumed to be the same as in ordinary mesons and baryons and therefore they
were extracted from the known hadronic spectrum. Moreover, the X(3872) was used as input to fit the diquark mass.
This assumption however has been recently revisited with the introduction of a newer and more successful type-II
paradigm [7]. In this most recent picture one instead assumes that the dominant color-spin interactions are those
within the tightly bound diquarks and therefore neglects all the couplings but κQq = κQ¯q¯. For the sake of brevity we
will mostly focus on this latter model.
The X1, Z and Z′ states are identified respectively with the X(3872), Zc(3900) and Z′c(4020) physical reso-
nances [15]. Starting from the color-spin Hamiltonian one can compute the masses of the different states and in
particular show that M(X1) = M(Z) and M(Z′) − M(Z) = 2κcq. The first relation is in very good agreement with ex-
periment1 while from the second one can fit the coupling and find κcq ' 67 MeV. Once this is done it is also possible
to estimate the expected masses for the still unobserved states:
M(X2) ' M(X′0) ' 4000 MeV; M(X0) ' 3770 MeV. (7)
The authors of [7] also managed to include the observed JPC = 1−− vector states in the picture (see again Table 1)
by allowing for odd orbital angular momenta between the diquark and the antidiquark. The resulting eigenstates are
obtained by adding L = 1, 3 to the states in Equation (2) to (6):
Y1 = |0, 0¯; 0, 1〉1; Y2 = 1√2
(
|1, 0¯; 1, 1〉1 + |0, 1¯; 1, 1〉1
)
; Y3 = |1, 1¯; 0, 1〉1; Y4 = |1, 1¯; 2, 1〉1; (8)
Y5 = |1, 1¯; 2, 3〉1, (9)
where now we extended the previous notation to include the orbital angular momentum, |s, s¯; S , L〉J . Note that since
the present model is specifically thought for the J = 1 resonances, we ignored states with other angular momenta.
If one excludes the L = 3 state, which is expected at much higher energies, then the Y1,2,4 states can be identified
with the observed Y(4008), Y(4260) and Y(4630) respectively. Moreover, the structures observed by BESIII in the
χc0ω [16] and hcpi+pi− [17] channels around 4220 MeV – and hence dubbed Y(4220) – have been recently interepreted
as a possible observation of the last Y3 state [18].
Lastly, if one also allows radial excitations, then it is fairly natural to describe the Z(4430), Y(4360) and Y(4660)
in terms of the n = 2 levels of the Zc(3900), Y(4008) and Y(4260) resonances. Indeed, the corresponding mass
splittings are Z(4430)−Zc(3900) ' 593 MeV, Y(4360)−Y(4008) ' 350 MeV and Y(4660)−Y(4260) ' 400 MeV and
1The phenomenological Hamiltonian (1) clearly does not contain any information about possible hyperfine splitting.
are perfectly compatible with those observed in ordinary charmonia and bottomonia, e.g. ψ(2S ) − J/ψ ' 589 MeV,
χbJ(2P) − χbJ(1P) ' 360 MeV and χcJ(2P) − χcJ(1P) ' 437 MeV.
Issues — Just like the other ideas proposed during the last decade, the tetraquark model has to face some issues as
well. In particular, the main drawback is that the predicted spectrum is over-populated. For example, the resonances
corresponding to the X(′)0 and X2 states in Equation (2) and (4) have not been observed so far. Moreover, even if one
assumes a minimal SU(2) f flavor symmetry, then we should expect to observe, e.g. the charged isospin partners of
the X(3872). While the full isospin triplet has been observed for the Zc(3900) [19], this is not the case for the X(3872).
This fact remains unexplained.
In general, if one assumes the model to be correct, then the absence of a large portion of the predicted resonances
should be explained in terms of some kind of selection rules. Having very little information about the actual internal
structure of the tetraquark, looking for these rules is a hard task. A promising idea that presents a nice pattern for the
observed states relies on a Feshbach resonance mechanism [20, 21].
Another issue is that the color-spin Hamiltonian in Equation (1) does not provide any information about the
dynamics of the system and hence it cannot be used to describe, for example, the decay into charmonia. The standard
technique to compute the decay widths for the exotic states is to write the most general matrix element compatible
with Lorentz and discrete symmetries and to assign to it a phenomenological coupling constant. In absence of any
further information the coupling constant is usually estimated by dimensional analysis and assuming a “natural size”
for it2 – see again [2] for further details.
A nice dynamical picture has been recently developed to try to fill this gap [22, 23]. In this framework the
tetraquark is seen as a diquark-antidiquark pair flying away from each other and interacting via a spinless Cornell po-
tential until they stop at the classical turning point, rZ . The model then predicts the coupling of the compact tetraquark
to charmonia to be proportional to the charmonium propability density computed at rZ , i.e. g ∝
∣∣∣ψQQ¯(rZ)∣∣∣2. In the
following section we will use both the prescriptions presented here to test the degree of model dependence of our
calculation.
THE Z(′)c → ηcρ CHANNEL
Having quite a large number of models proposed to describe the observed XYZ states, it would be of great use
to select a certain number of observables able to discriminate between different possiblities. It has been recently
proposed [24, 25] to use the Z(′)c → ηcρ decay to probe the internal nature of the two charged resonances and, in
particular, to distinguish between a compact tetraquark structure and a molecular one. In the following sections we
report a summary of those results.
Compact Tetraquark — Heavy quark spin symmetry implies that the total wave function for a diquark can be factor-
ized as the spinor of the heavy quark times a wave function that depends on the positions of the two quarks and on the
spin of the light one, i.e. ψ[cq] = χc ⊗ φ[cq](~rc,~rq, sq). This approximation holds up to correction O(ΛQCD/mc) ' 0.25
which, from now on, will be taken as our theoretical error on the tetraquark amplitudes. A similar factorization also
holds for transition matrix elements for the decay into charmonia, A = 〈 χcc¯ | χc ⊗ χc¯ 〉〈 φcc¯ | Tˆ | φ[cq][c¯q¯] 〉. The first
factor is nothing but a Clebsh-Gordan coefficient enforcing heavy quark spin symmetry while the second one is a ma-
trix element that depends on the actual dynamics of the process and will have to be determined phenomenologically
according to the criteria explained in the previous section. In particular, for the decay of interest, the most general
Lorentz invariant matrix elements that also behave properly under parity and charge conjugation are:
〈 J/ψ(η, p) pi(q) |Z(λ, P) 〉 = gZψpiλ · η; 〈 ηc(p) ρ(, q) |Z(λ, P) 〉 = gZηcρλ · ; (10)
〈 hc(p, η) pi(q) |Z(λ, P) 〉 = gZhcpiM2Z 
µνρσλµηνPρqσ, (11)
where q, p and P are four-momenta, λ, η and  are polarization vectors and the g’s are strong phenomenological
couplings. As already mentioned, the effective couplings can be estimated by assuming a natural size for them or
by working in the framework introduced in [22] (which we will call “dynamical tetraquark”). In our calculation we
employed both these assumptions and also both the type-I and type-II paradigms.
2By “natural size” we mean the assumption that dimensionless couplings are of order 1.
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FIGURE 1. One-loop diagrams computed for the Zc decay. The charge conjugate diagrams are omitted.
Z′i
P
D∗
l
D∗
l−q
D¯∗ P−l
ηc
P−q
ρj
q
Z′i
P
D¯∗
l
D¯
l−q
D∗ P−l
ηc
P−q
ρj
q
FIGURE 2. Same as in Figure 1 but for the case of the Z′c.
Loosely Bound Molecule — The second model we used to compute the branching ratios of interest is the loosely
bound meson molecule. In this picture the Z(′)c is seen as a D(∗)D¯∗ bound state. In general, the interaction between
the XYZ resonances, the light and the heavy mesons is described via the so-called Non Relativistic Effective Field
Theory (NREFT) [11, 12]. This is a non-relativistic limit of the Heavy Quark Effective Theory (HQET) together with
Chiral Effective Field Theory (χEFT). The reader should refer to [24] and references therein for the complete NREFT
Lagrangian.
The effective theory we just briefly described does not actually contain any information about the molecular
structure of the state as it only relies on symmetry arguments. The bound state nature of the Z(′)c is implemented in the
model by forcing the resonance to only couple to its own constituents. It then follows that every decay into something
different from D(∗)D¯∗ must necessarily happen via a heavy meson loop. In Figure 1 and 2 we report the one-loop
diagrams computed to find the branching fractions in the loosely bound molecule case.
The theoretical error due to the omission of higher order diagrams can be estimated via a power counting pro-
cedure. This technique relies on the fact that, being the molecular states very close to threshold, the typical velocities
of the heavy mesons in the loops, v ' √|MZ − 2MD|/MD, are small and hence one can estimate the relevance of the
diagrams that have been neglected. In our case, this introduces a 15% relative error on the single amplitudes.
Comparison Between The Models — In Figure 3 we show the comparison between the predictions obtained with the
two models. According to the dynamical type-I tetraquark the Zc → ηc ρ decay should be enhanced with respect to
the already observed Zc → J/ψ pi. The opposite is expected in the meson molecule picture and the two predictions are
separated by more than 2σ (95% C.L.). A similar thing holds for the Z′c → ηc ρ decay with respect to the Z′c → hc pi
one. In the latter case, however, the predictions for the type-I and type-II models are the same and hence the result is
more model independent. The results obtained assuming no internal dynamics in the tetrquark model are even more
separated from the molecular picture. Lastly, in the Zc case, the type-II paradigm prediction is compatible with the
molecular one within 2σ.
BRIEF COMMENTS ON COMPACT PENTAQUARKS
The LHCb collaboration recently reported [26] the exciting observation of two resonances in the Λb decay both
decaying into a J/ψ p final state:
Λb → P+K− → (J/ψ p) K−. (12)
In Table 2 we report the properties and quantum number of such resonances. One immediately notices that these
particles contain a cc¯ pair but also carry a unit of baryon number. In then follows that their minimal quark content
must be cc¯uud and hence they are dubbed pentaquarks.
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FIGURE 3. Comparison between the likelihood curves for BR(Zc → ηc ρ)/BR(Zc → J/ψ pi) (left) and BR(Z′c → ηc ρ)/BR(Z′c →
hc pi) (right). The black and red curves give the predictions according respectively to the dynamical type-I tetraquark and to the
meson molecule. The green and yellow band represent the 68% and 95% C.L..
TABLE 2. Properties and quantum numbers of the
newly discovered pentaquark resonances.
State Mass [MeV] Width [MeV] JP
P3/2− 4380 ± 37 205 ± 104 3/2−
P5/2+ 4449.8 ± 4.2 39 ± 24 5/2+
The constituent diquark picture introduced in the previous sections to describe the XYZ mesons [6, 7] has been
used to explain these new states as well [27]. In this framework, the structure of the two pentaquarks would be
P3/2− = {c¯[cq1]s=1[q2q3]s=1, L = 0} and P5/2+ = {c¯[cq1]s=1[q2q3]s=0, L = 1}, where the qi are light quarks. The negative
parity of the first state is then the result of the presence of a single valence antiquark, while the parity ordering instead
reflects the opening of the L = 1 orbital excitation. This pattern is the same as for both ordinary baryons and for the
XYZ states and it is a neat signature of the diquark picture.
Lastly, if one considers the mass difference between the L = 0 and the L = 1 ordinary baryons it is typically of
order 300 MeV. However, in this case, the lightest P3/2− pentaquark also contains a so-called “bad” (s = 1) diquark. It
is known from charm and beauty baryon spectra that s = 1 diquark are around 200 MeV heavier than the s = 0 one.
Putting everything together, the mass difference of ∼ 70 MeV between the two states is easily explained.
Lastly, the authors of [27] extended the model to the full SU(3) f symmetry, also including strangeness.
CONCLUSIONS
The nature of the so-called XYZ mesons is a now long-standing open problem of hadronic spectroscopy for which a
unifying picture is still missing. One of the possible solutions to this puzzle is the compact tetraquark model [6, 7],
which nicely accommodates the observed exotic states. However, despite the many successes, the model still has to
face some severe issues. In particular, the predicted spectrum is more populated than the observed one and hence some
hints on possible selection rules are needed [20, 21]. Moreover, it does not provide any information about the internal
dynamics of the system which means that, in order to compute actual decay amplitudes, one often has to rely on crude
order-of-magnitue estimates. One possible solution to this last problem has been proposed in [22, 23].
Another general issue that one has to face on the road towards an explanation of the exotic mesons is the difficulty
in determining observables that can neatly distinguish between different ideas. We identified the Z(′)c → ηc ρ decay as
one of these observables [24, 25]. In particular, we showed how in most of the cases the tetraquark picture and the
molecular one present predictions which are different by more that 95% C.L.. Particularly enlightening should be the
decay of the Z′c since, in the case of the tetraquark, is type-independent and the predictions are hence much more solid.
Lastly, the discovery of resonances with five-quark content and opposite parity opens another intriguing research
direction for non-ordinary mesons and baryons. In particular, the masses and quantum number of these pentaquarks
seems to give further strength to the diquark picture [27]. A complete study of the spectroscopy of these states,
however, should wait for the observation of other resonances of similar kind.
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